Background: Uterine artery (UtA) hemodynamics might be used to predict risk of hypertensive pregnancy disorders, including preeclampsia and intrauterine growth restriction. Purpose or Hypothesis: To determine the feasibility of 4D flow MRI in pregnant subjects by characterizing UtA anatomy, computing UtA flow, and comparing UtA velocity, and pulsatility and resistivity indices (PI, RI) with transabdominal Doppler ultrasound (US). Study Type: Prospective cross-sectional study from June 6, 2016, to May 2, 2018. Population or Subjects or Phantom or Specimen or Animal Model: Forty-one singleton pregnant subjects (age [range] = 27.0 ± 5.9 [18-41] years) in their second or third trimester. We additionally scanned three subjects who had prepregnancy diabetes or chronic hypertension. Field Strength/Sequence: The subjects underwent UtA and placenta MRI using noncontrast angiography and 4D flow at 1.5T. Assessment: UtA anatomy was described based on 4D flow-derived noncontrast angiography, while UtA flow properties were characterized by net flow, systolic/mean/diastolic velocity, PI and RI through examination of 4D flow data. PI and RI are standard hemodynamic parameters routinely reported on Doppler US. Statistical Tests: Spearman's rank correlation, Wilcoxon signed rank tests, and Bland-Altman plots were used to preliminarily investigate the relationships between flow parameters, gestational age, and Doppler US. or Results: 4D flow MRI and UtA flow quantification was feasible in all subjects. There was considerable heterogeneity in UtA geometry in each subject between left and right UtAs and between subjects. Mean 4D flow-based parameters were: mean bilateral flow rate = 605.6 ± 220.5 mL/min, PI = 0.72 ± 0.2, and RI = 0.47 ± 0.1. Bilateral flow did not change with gestational age. We found that MRI differed from US in terms of lower PI (mean difference -0.1) and RI (mean difference < -0.1) with Wilcoxon signed rank test P = 0.05 and P = 0.13, respectively. Data Conclusion: 4D flow MRI is a feasible approach for describing UtA anatomy and flow in pregnant subjects.
dysfunction is characteristic of pregnancy disorders (e.g., preeclampsia and fetal growth restriction) and reduced UtA flow is implicated in reduced birth weight and spontaneous preterm birth. 3 Quantitative parameters that can characterize abnormal UtA remodeling and reduced UtA flow may provide effective screening tools to identify women who have the greatest risk for adverse pregnancy outcomes.
Transabdominal Doppler ultrasound (US) is the primary method used to assess UtA flow but is challenging due to the heterogeneous and tortuous UtA anatomy, location, and dependence of measured velocity on insonation angle. 4 Some of the limitations of US may be addressed with 2D phase contrast MRI, 4, 5 but this is also challenged by difficulty planning 2D plane locations, lack of three-dimensional anatomy visualization, and, in the case of unidirectional velocity encoding, dependence of flow direction on the plane angle. Time-resolved 3D phase contrast imaging ("4D flow") is an MRI technique that maps all three spatial components of blood and shows 3D arterial morphology and flow dynamics. While we do not anticipate this method to be readily leveraged in standard clinical practice, it may be useful for research as it enables assessment of blood flow in highly tortuous vessels such as the UtAs, with reduced operator dependence compared with US. [6] [7] [8] Compared with 2D phase contrast MRI, 4D flow requires longer scan times to achieve the spatial coverage and spatial resolution needed to image the UtA. As a result, fetal or maternal respiratory motion may corrupt 4D flow data. The purpose of this study was to assess the feasibility of obtaining 4D flow MRI data in pregnant subjects. A second objective was to characterize UtA structure and hemodynamics using 4D flow and compare these results with Doppler US.
Materials and Methods

Study Population
This study was completed on 41 pregnant subjects (50 originally enrolled) who gave informed consent between June 6, 2016, and May 2, 2018 to be enrolled in this cross-sectional study approved by the HIPAA-compliant Institutional Review Board. Inclusion criteria included singleton gestations at 16 weeks or greater. Exclusion criteria were: (1) morbid obesity (BMI ≥ 35 at the start of the pregnancy), (2) uterine fibroids and major structural fetal anomaly, (3) routine MRI contraindications such as metallic implants/devices and claustrophobia, (4) insufficient MRI image quality, and (5) lack of US scan for comparison. The 9 subjects who underwent MRI and were excluded from analysis are reported in Figure 1 , leaving a final count of 41 females for whom data analysis was completed. Reasons for exclusion from the data analysis were: incorrect setting of maximum velocity encoding threshold (VENC) parameter (n = 4), the attending physician was not available for Doppler US (n = 5), or one UtA could not be located on either MRI or US but the other UtA remained in the dataset (n = 3). Additionally, we scanned and analyzed three subjects with more serious risk factors of adverse pregnancy (one with prepregnancy diabetes mellitus and two with chronic hypertension).
Ultrasound
Doppler US was collected and analyzed in 41 subjects (E10 Voluson; GE Healthcare, Chicago, IL). US measurements of blood flow velocity in the left and right UtAs were acquired using a transabdominal probe. Real-time color velocimetry allowed for identification of the intersection between the uterine and external iliac arteries, near which velocity waveforms were recorded according to standard guidelines. 9 Per routine protocol, angle of insonation was kept as close to zero as possible and always <30 degrees. Angle correction was used when a zero angle was not obtainable. MRIcompatible fiducials were adhered to each side of the surface of the abdomen where the US probe was located for identification of spatial correspondence on MRI.
MRI
MRI was performed at 1.5T (Avanto; Siemens Healthcare, Erlangen, Germany) with a 12-channel spine array and 6-channel body array coil. A total of 37 subjects were in supine position and 4 subjects were in left lateral decubitus position based on the comfort level of the individual subjects. Three-lead ECG leads were used for cardiacgated acquisitions. Abdomen and placenta localization was performed with a half-Fourier acquisition stimulated echo (HASTE) sequence. An ECG-gated 2D multislice axial time-of-flight (TOF) angiogram was acquired, including the bifurcation of the descending aorta and the top of the femoral heads of the thigh bones based on the HASTE images to ensure coverage of the UtAs near the internal uterine orifice (Fig. 2) . The imaging parameters are listed in Table 1 . Details of TOF parameter optimization are provided in Supp. Fig. S1 , which is available online. (Table 1) . To reduce scan time, respiratory navigation or gating was not used. Online phase difference reconstruction with Maxwell correction of concomitant gradient terms was performed from the scanner. Figure 4 , optional manual segmentation of UtA from 4D flow-generated angiograms (B.ii) was used in addition to velocity-based thresholding. Velocity-based thresholding was performed to create volumetric isosurfaces, from which four measurement planes were distributed along the UtA and oriented perpendicular to the blood flow (B.iii). The vessel was segmented (B.iv) and velocity profiles (B.v) were extracted from each plane at each phase. (C) Velocity waveform analysis. Flow (Q), systolic velocity (v max ), diastolic velocity (v min ), mean velocity (v), PI, and RI were estimated. We compared MRI and US in the corresponding UtAs of each subject. Image Analysis MRI VASCULAR GEOMETRY ANALYSIS. The diameter of the UtAs were measured in the TOF multiplanar reformats at the location of intersection between the UtA and the external iliac artery on each side. Measuring the diameter of the UtAs with US was not part of the study and, therefore, no area measurements were obtained to compute flow rate from US.
4D FLOW MRI DATA ANALYSIS. Phase difference images from all the subjects were filtered and anti-aliasing correction, if present ( Fig. 2 .B.i), using custom software (Matlab; The MathWorks, Natick, MA). 13 Image noise was removed by magnitude image thresholding. All pixels below the threshold were removed from magnitude and phase data. Anti-aliasing was performed by phase unwrapping.
14 For the six subjects in Figure 4 , additional masking was performed to reduce residual signal from outside the vessel regions ( Fig. 2 .B.ii). Mean magnitude-weighted velocity phase contrast angiograms were generated as described in Stalder et al and Bock et al. [13] [14] [15] Additional manual segmentation was performed (Seg3D; University of Utah SCI). The resulting binary segmentation was used to mask the magnitude and phase difference images. For all subjects, filtered magnitude and phase difference images were imported into flow analysis software (Ensight, CEI; Apex, NC). A vascular isosurface was generated by thresholding the phase difference images. Eight planes were selected along the UtAs (four on each side), with the plane normal oriented parallel to the flow direction. The planes were distributed uniformly between the branching point of the internal iliac artery and UtA and the intersection of the UtA and the external iliac artery. The distal location was confirmed by fiducial markers placed during US as described in the methods section. Pathlines were generated to visualize the movement of blood for confirming the direction of flow and data visualization. The vessel lumen was segmented at each time point, and velocity profiles were generated (Fig. 2.B. iii-v). . Time-resolved waveforms were generated from the spatial peak and mean velocities, v ⊥,I ðtÞ and v ⊥,I ðtÞ, at each plane. Because 4D flow was a prospectively gated scan, some cardiac phases were not collected during end-diastole. Missing data were extrapolated by filling the rest of the RR interval with the average between the first and last measured velocity.
Flow (Q) [mL/min] was computed from the spatial mean velocity waveforms from 4D flow. Pulsatility index (PI) and resistivity index (RI) were computed from both the spatial peak velocity waveforms from 4D flow and the Doppler velocity waveforms from US: ðtÞ , where A = cross-sectional area, RR = RR interval (sec), max t v ⊥,I ðtÞ = systolic velocity, min t v ⊥,I ðtÞ = diastolic velocity, and v ⊥,IT = temporal mean velocity. Q, PI, and RI were computed for each plane and were subsequently averaged together across the four planes per vessel. PI and RI were computed from the 4D flow MRI and US waveforms for comparison. For each subject, unilateral flow coefficient of variation (CoV) was determined as detailed in Supp. Information. Intrascan reliability and inter-and intraobserver measurement reliability was performed as detailed in Supp. Information. Most measurements had strong reliability (Supp . Table S1 ).
Statistical Analysis
Descriptive statistics are reported as mean ± standard deviation (SD). Tests on the 41 subjects were performed for statistical normality using the Shapiro-Wilk test and for heteroscedasticity using the Bartlett's and Breusch-Pagan tests. Correlations between variables were assessed by computing Pearson's R correlation coefficient for MRI flow rate and Spearman's rank correlation coefficients (rho) for US and MRI velocity parameters. Comparisons between modalities were reported using Wilcoxon signed rank tests and Bland-Altman plots. Statistical significance was defined as P < 0.05.
Results
Subject Characteristics
Twenty-six subjects were recruited in the second trimester and 15 subjects in the third trimester. Subjects had a maternal weight = 74.8 ± 13.6 kg and gestational age (GA) = 26.0 ± 5.1 weeks (range = 18-38 weeks). Individual subject information is summarized in Table 2 . 4D flow MRI was acquired and well-tolerated in all subjects. 
UtA Anatomy in Second and Third Trimester
In all subjects, right and left UtAs branched from the internal iliac artery, became a tortuous hairpin proximally, made a 180 turn from superior-inferior (SI) to IS trajectory, and became a distal straight segment toward the uterus before additional branching at the arcuate artery. UtA proximal segments were predominantly medial while distal segments were lateral and intersected the external iliac arteries at locations confirmed by MRI-compatible fiducials. Average UtA diameter within the imaged extent was 4.05 ± 0.7 mm.
There was considerable inter-and intrasubject anatomical heterogeneity. GA, maternal age, maternal MRI position, placental position, and arterial TOF angiograms of six representative subjects are shown in Figure 3 . Figure 4 shows heterogeneity in the geometry of the left and right UtA from the same six representative subjects (see also Supp. Video 1).
UtA Hemodynamics
Hemodynamic measurements from 4D flow MRI were reported as the average of measurements in four planes. Flow in the left UtA was Q L = 291.1 ± 111.0 mL/min, right UtA was Q R = 321.9 ± 147.0 mL/min, and bilateral (total) flow was Q T = 605.6 ± 220.5 mL/min. Flow rate measurement reliability statistics are reported in Supp. Information and Supp. Table S1 . There was no association between UtA bilateral flow and GA in these subjects (R 2 = 0.01, P = 0.49) (Supp. Fig. S2 ). UtA structure and hemodynamics are shown using pathlines derived from one representative subject in Figure 5 and Supp. Video S2. MRI differed from US in terms of PI (0.72 ± 0.26 versus 0.84 ± 0.42, P = 0.05) and RI (0.47 ± 0.11 versus 0.50 ± 0.11, P = 0.13) based on Wilcoxon signed rank tests (Fig. 6 ). MRI and US were also moderately correlated in terms of systolic velocity (ρ = 0.39; P ( 0.01), diastolic velocity (ρ = 0.42; P ( 0.01), mean velocity (ρ = 0.44; P ( 0.01) (Supp. Fig. S3 ), PI (ρ = 0.37; P ( 0.01), and RI (ρ = 0.38; P ( 0.01) (Supp. Fig. S4 ).
Feasibility in Subjects with Risk Factors for Adverse Pregnancy
We separately identified three subjects with representative risk factors for adverse pregnancy, one with prepregnancy diabetes FIGURE 4: UtA surface renderings obtained from 4D flow in three representative subjects and three abnormal subjects. There was considerable intersubject and intrasubject heterogeneity in the geometrical structure of the hairpin loop of the pelvic UtAs. mellitus and two with chronic hypertension. In these subjects, 4D flow MRI was feasible. Individual subject information is reported in Supp. Table S2 . For Subject A with diabetes, we measured Q T = 655.5 mL/min and average unilateral PI = 0.61. For Subject B with chronic hypertension, we measured Q T = 502.4 mL/min and PI = 0.75. For Subject C with chronic hypertension, we measured Q T = 904.4 mL/min and PI = 0.57. These results demonstrate that measurement of these hemodynamic parameters were feasible in abnormal pregnant subjects with 4D flow MRI. These subjects are presented in Figure 3 and Figure 4 . Their results are annotated in Figure 6 , Supp. Figs. S2, S3, and S4.
Discussion
We report the feasibility of UtA anatomical and hemodynamic assessment in second and third trimester pregnant subjects using 4D flow MRI acquired at 1.5T. 4D flow images enabled detailed characterization of the UtA blood flow, independent of the orientation of the examination plane, and at locations inaccessible to US. After branching from the internal iliac artery, the tortuous UtA traversed inferiorly and medially, formed a hairpin loop in the pelvis, and subsequently carried blood superiorly and laterally to radial and spiral arteries. This anatomy has been partly described in embolization procedures for peripartum hemorrhage, 16, 17 however, there is limited knowledge of its normal and pathophysiologic anatomical variation. We observed substantial bilateral UtA anatomical and hemodynamic heterogeneity, which may reflect variations in placental location, molecular signals that promote UtA remodeling and growth, body habitus, and variations in patient position during imaging. UtA diameter derived from TOF agreed with previous reports obtained using 2D phase contrast MRI 5, 18 and US. 19, 20 UtA outward hypertropic remodeling occurs throughout gestation and the vessel cross-sectional area enlarges. 2, 19, 20 Similar positive associations between flow rate and GA have also been reported. 3, 20 These studies show a moderate association between flow and GA in the first trimester, 3 but a comparatively weaker association in the second and third trimester, 20 suggesting that the most extensive UtA remodeling occurs during the first trimester. Our findings in second and third trimester subjects were consistent with this, and no substantial blood flow changes in the late second and third trimesters were found. This contrasts with fetal weight growth, which is slower in the first two trimesters than the third. 21 Altogether, these findings suggest that during early placental development the UtAs are primed to increase blood flow so that the placenta may have sufficient reserve to accommodate changes in fetal oxygen demand during late gestation. Failure of UtA growth and remodeling with placental dysfunction in the first trimester may limit fetal growth in later trimesters. There was moderate correlation between PI and RI obtained using MRI and US, which was consistent with prior observations using 2D phase contrast MRI. 4 However, some observed discordance between MRI and US may be attributed to hemodynamic differences caused by body habitus 22 during MRI (mostly supine) and US (inclined supine), location of measurement, and differences in temporal and spatial resolution. Previous studies have reported flow rate measured with US 3, 19, 23 but this was omitted in this study. US-based flow rate requires measurement of diameter, which has not yet been standardized in obstetric research because the UtA lumen is not always clearly visible from low spatial resolution and vessel tortuosity.
Time-resolved 3D velocity field data can be used to compute additional complex flow parameters such as relative pressure gradients, 24 pulse wave velocity (25) , and wall shear stress. 25 These flow parameters in the UtA may provide new predictive markers of pregnancy health in early gestation.
Decreased vascular resistance at the uteroplacental junction increases UtA blood flow, which may increase wall shear stress and stimulate endothelial production of nitric oxide (NO). 2, 26, 27 Targeted therapies such as dietary arginine supplementation may increase NO production, vasodilatory remodeling, and improve UtA flow. 28 Additional imaging markers may improve the predictive value of these studies. All MRI scans performed in this study were below the limit mandated by the United States Food and Drug Administration (FDA). No additional restrictions were placed on the hardware beyond the current FDA limitations on rate of time-varying magnetic fields (dB/dt) and maximum allowable specific absorption rate. While caution is recommended when imaging obstetric patients, most recent guidelines have identified MRI to be safe in this population because concerns about harm to the fetus remain theoretical with no established clinical evidence. 29, 30 The American College of Radiology states that no special considerations need to be made for women in their first trimester more than any other trimester. 31 Studies of MRI in pregnancy have
shown MRI exposure to not pose a concern for adverse fetal outcome in the first trimester 32 and after the first trimester. 33, 34 In this study, no additional safety considerations were enforced beyond the FDA requirements. This cross-sectional study may be affected by physiologic subject variation (e.g., height, weight, and internal iliac branching geometry) that can potentially be reduced with a longitudinal study. Subjects can also vary in the distribution of flow between the uterine and ovarian arteries. As a result, interpretations about placental perfusion from only UtA flow assessment can be misleading. It is possible that the ovarian arteries also remodel during gestation because the PI has been found to be lower than in nonpregnant subjects similar to the UtA. 35, 36 There are also some limitations of 4D flow assessment of UtA function. The tortuous UtAs may cause MRI acceleration and displacement artifacts such as inaccurate velocity encoding and spatial encoding. The current spatial resolution may preclude accurate flow quantification in the first trimester. In nonpregnant subjects scanned during protocol development, we observed that the UtA was not readily visible. Even when the UtA is visible in pregnant subjects, three voxels span the vessel at best, which does not allow the calculation of pressure gradient or wall shear stress. Pulse wave velocity can possibly be calculated with high temporal resolution or a long vessel path to compensate for low spatial resolution.
Nevertheless, our 4D flow acquisition has a spatial resolution that is superior to the state-of-the-art of 2D PC acquired of the UtA reported in Pates et al. 18 Respiratory gating was not performed in our subjects to reduce scan time as much as possible. Consequently, potential sources of artifacts include fetal and peristaltic motion. Further investigation is needed to determine if respiratory gating reduces artifacts sufficiently to justify the additional scan time. Future work leveraging more highly parallelized acquisitions and sparse imaging methods may also be needed to increase spatial resolution and/or reduce scan time. This may allow us to robustly image the UtA in the first trimester, compute complex flow parameters, and provide a larger field of view (FOV) to capture more distal segments of the ascending UtA later in pregnancy.
In conclusion, this study shows the feasibility to characterize UtA anatomy and hemodynamics using 4D flow MRI in second and third trimester pregnancies. Expected flow characteristics were validated across GA with no observed bias with respect to transabdominal Doppler US.
